INTRODUCTION
Unsupervised analysis of gene expression profiling identifies subgroups of tumors that are molecularly similar. This approach has been used to identify distinct intrinsic subtypes of cancer and provides an objective method to classify tumors. [1] [2] [3] [4] In gliomas, the identified intrinsic subtypes reportedly correlate better with patient prognosis than histology. [5] [6] [7] [8] [9] Intrinsic glioma subtypes (IGSs) are not only similar on the RNA level, but specific genetic changes also segregate in distinct intrinsic subtypes. 8, 10 Therefore, it is likely that each molecular subtype will require its own treatment paradigm.
True validation of the prognostic relevance of the IGSs requires analysis on homogeneously and prospectively treated patients, ideally within a randomized clinical trial. One of the main problems in analyzing clinical trial samples is that they are often of poor quality; most are formalin-fixed, paraffin-embedded (FFPE) samples.
11 However, recent technologic advances have enabled high-throughput analysis of FFPE material, including expression arrays. [12] [13] [14] In a large cohort of paired fresh frozen (FF) -FFPE samples, we recently demonstrated that differences in mRNA expression are retained in FFPE samples. Importantly, the assignment to one of six IGSs was identical between the FF-FFPE matched samples in 87% of cases, 15 and the intrinsic subtypes remain highly prognostic for survival. These results demonstrate that FFPE material can be used for expression profiling.
Not all patients with glioma respond similarly to treatment. For example, glioblastomas with a methylated O 6 -methylguaninemethyltransferase (MGMT) promoter respond better to treatment with temozolomide. 16, 17 In oligodendrogliomas, uncontrolled trials indicated that loss of heterozygosity (LOH) on 1p/19q is predictive for response to procarbazine, lomustine, and vincristine (PCV) chemotherapy. 18, 19 Selection of patients who benefit most from particular therapeutic regimens helps to improve treatment efficacy and to potentially avoid toxicity in patients who are unlikely to benefit from that therapy anyway.
European Organisation for Research and Treatment of Cancer (EORTC) 26951 is a randomized phase III clinical trial investigating whether the addition of PCV chemotherapy to radiotherapy (RT) would improve overall survival (OS) and progression-free survival (PFS) in patients with anaplastic oligodendroglioma (AOD) or anaplastic mixed oligoastrocytoma (AOA). This trial showed that the addition of six cycles of PCV after 59.4 Gy of RT increases OS and PFS in these tumors. 20 However, some patients seemed to benefit more from the addition of PCV treatment than others. 21 Here, we have evaluated the clinical relevance of intrinsic subtypes within EORTC 26951. Our study is the first to use gene expression profiling on FFPE clinical trial samples. Our data validate that intrinsic subtypes of glioma are prognostic for survival. Intrinsic subtypes improve outcome prediction when combined with other known prognostic parameters (1p/19q LOH and IDH1 mutation), although this increase is not significant. Our data also indicate that patients with tumors assigned to a specific intrinsic subtype benefit from PCV treatment.
PATIENTS AND METHODS

Patient Samples
Patients were considered eligible for EORTC 26951 if they had been diagnosed by the local pathologist with an AOD or an AOA according to the 1993 WHO classification. Details of the eligibility criteria and the CONSORT flow diagram have been described previously 21 and are shown in Figure 1 . A central pathology review was conducted on 345 of 368 samples and on 136 of 140 samples used in the present study. Four samples were omitted in the multivariate analysis that included review diagnosis as a factor. All analysis using histologic diagnosis made use of the review diagnosis. Patient and sample characteristics are detailed in the Data Supplement. Analysis of 1p/19q LOH, EGFR amplification, IDH1 mutations, and MGMT promoter methylation on EORTC 26951 samples has been described previously.
21-23
RNA Isolation and Array Hybridization
Total RNA extraction, purification, and quantification from FF and FFPE material were reported previously. 8, 15 RNA (150 ng) from FF and FFPE tissues was used for expression profiling. FF samples (n ϭ 47) were profiled as described on HU133plus 2.0 arrays (Affymetrix, High Wycombe, United Kingdom) 8 ; FFPE samples (n ϭ 93) were profiled using HuEx_1.0_st arrays (Affymetrix) in combination with Nugen Ovation kits (Nugen, San Carlos, CA), as reported.
13,15
Statistical Analysis
Samples were assigned to one of the six intrinsic molecular subtypes of glioma using ClusterRepro (an R package; http://crantastic.org/packages/clusterRepro) as described previously, omitting control cluster 0. 8, 24 Previously, these intrinsic subtypes were designated cluster followed by the cluster number (0, 9, 16, 17, 18, 22, or 23). Here, we annotate these clusters as IGSs followed by the same cluster number (eg, IGS-9). Other groups have also described molecular classification methods 7, 9, 10 ; the overlap with The Cancer Genome Atlas classification is detailed in the Data Supplement (for other comparisons, see Gravendeel et al 8 ). Samples assigned to IGS-9 and IGS-17 generally are assigned to the proneural subtype, IGS-18 to the classical subtype, and IGS-23 to the mesenchymal subtype. Neural subtypes are assigned to either IGS-17 or IGS-23.
Differences between the Kaplan-Meier survival curves were calculated using the log-rank (Mantel-Cox) test using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA). Comparisons between frequencies were calculated using the Fisher's exact test. In this exploratory analysis, P Ͻ .05 was considered to indicate significant differences. The importance of groups of prognostic factors was compared using the percentage of explained variation (PEV) developed by Heinze and Schemper 25 for Cox regression using SAS macros (SAS Institute, Cary, NC). A PEV of at least 20% is considered a minimum requirement for a model to provide sufficiently precise individual PFS or OS predictions.
26,27 PFS and OS were computed from random assignment to date of event (progression and/or death) or censored at the date of last visit.
RESULTS
Patients and Samples
Out of 368 patients within the EORTC 26951 trial, a total of 140 samples of were available for the current study; for the other patients, the amount of material was insufficient. Of the samples, 47 were FF and 93 were FFPE. Seventy-three patients had been assigned to the RT plus PCV chemotherapy arm, and 67 patients had been assigned to the RT only arm. Our cohort of samples from the EORTC 26951 study did not differ from the entire EORTC 26951 cohort (368 patients) with respect to age, sex, performance status, diagnosis, tumor location, IDH1 mutation, 1p/19q LOH, EGFR amplification, MGMT promoter methylation, OS, and PFS (Table 1) . However, OS within the RT only treatment arm of included patients was worse compared with OS in patients not included (OS: 1.6 v 3.7 years, respectively; P ϭ .009; hazard ratio [HR], 1.59; 95% CI, 1.12 to 2.25; PFS: 0.8 v 1.4 years, respectively; P ϭ .012; HR, 1.55; 95% CI, 1.10 to 2.17), even when corrected for known clinical (age, extent of resection, sex, and performance status) and molecular (1p/19q LOH) characteristics and histologic review diagnosis. There were no such differences in the RT-PCV arm. This effect is likely a result of difference in patient selection in the hospitals but not related to tissue sampling. Of note, at the time of random assignment, patients were stratified per center. Of the included samples, there were no differences in clinical, molecular, or histologic characteristics between the two treatment arms (Data Supplement). A detailed analysis of patients included versus not included is shown in the Data Supplement.
Intrinsic Subtypes Are Prognostic for OS and PFS
Expression profiling was performed on a total of 140 samples of patients treated within EORTC 26951. All expression profiles were then assigned to one of six predefined intrinsic subtypes. These molecularly similar intrinsic subtypes were identified previously and are based on unsupervised gene expression analysis. 8 All six IGSs were identified, which shows that patients with different molecular subtypes were enrolled within this trial under the same histopathologic diagnosis. After assignment, IGS-9, IGS-16, IGS-17, IGS-18, IGS-22, and IGS-23 contained 50, two, 26, 27, eight, and 27 patients, respectively. The histologic composition (both original and review diagnosis) of subtypes is depicted in the Data Supplement. The intrinsic subtypes were highly prognostic for both OS and PFS. The median OS times for IGS-9, IGS-17, IGS-18, and IGS-23 were 8.5, 2.8, 1.2, and 1.0 years, respectively; and the median PFS times were 5.7, 1.8, 0.5, and 0.5 years, respectively (Fig 2) . IGS-16 and IGS-22 contained too few samples to draw conclusions. Details for IGS-22 are listed in the Data Supplement. The subtype-specific differences in survival were highly similar to previously reported differences using FF archival samples and confirm the prognostic power of intrinsic subtyping. 8 Even within the 1p/19q codeleted patient cohort, IGS subtyping remained prognostic. Conversely, 1p/19q status was also prognostic within patients assigned to IGS-9 (Data Supplement).
In multivariate analysis, intrinsic subtype was a significant prognostic factor that was independent from clinical (age, sex, performance status, and type of surgery), molecular (1p/19q LOH), and histologic (local diagnosis or review diagnosis) parameters (Table 2) . Tissue type (FF or FFPE) was not a prognostic variable in univariate or multivariate analysis. When IDH1 mutation status was included in this analysis, intrinsic subtyping remained an independent prognostic factor for PFS (P ϭ .003) but not OS (P ϭ .052). When MGMT promoter methylation was included, intrinsic subtyping remained an independent prognostic factor for both PFS (P Ͻ .001) and OS (P ϭ .008), although the number of patients analyzed became relatively small (n ϭ 80). Of note, even in the confirmed AOD tumors at central Fig 3) . EGFR amplification was predominantly observed in IGS-18 (14 of 24 samples, 58%) and, to a lesser extent, in IGS-23 (eight of 21 samples, 38%). EGFR amplification was rarely observed in samples assigned to IGS-9 (three of 39 samples, 7.6%) and IGS-17 (zero of 19 samples, 0%). IGS-9 and IGS-17 were more often associated with MGMT methylation and/or IDH1 mutation compared with IGS-18 and IGS-23 (Fig 3 and Data Supplement). As previously reported, CpG island methylation phenotype-positive tumors segregated in IGS-9 and IGS-17, whereas CpG island methylation phenotype-negative tumors segregated in IGS-18 and IGS-23. 17 Molecular parameters 28 (IDH1 and 1p/19q LOH) and intrinsic subtypes are both important prognostic factors. To assess the added predictive value for PFS of intrinsic subtyping, we combined molecular (IDH1 and 1p/19q LOH) data with intrinsic subtypes and assessed the PEV by the two models. Both molecular parameters and intrinsic subtypes had comparable PEV (Data Supplement). This does not mean that both models explain the same variability. However, the combined model has a larger PEV of 30% compared with 23% for each individual group of factors, although this difference is not statistically significant.
Prediction of Benefit From Adjuvant PCV
We then evaluated whether the benefit from adjuvant PCV chemotherapy was specific to selected intrinsic subtypes. The addition of adjuvant PCV improved OS in samples assigned to IGS-9 (12.8 years in the RT-PCV arm v 5.5 years in the RT only arm; P ϭ .035; HR, 2.18; 95% CI, 1.06 to 4.50); an improvement was also observed for PFS (12.8 years in the RT-PCV arm v 3.6 years in the RT only arm; P ϭ .0018; HR, 3.18; 95% CI, 1.54 to 6.59). Data are shown in Figure 4 and Table 3 . PCV treatment also improved PFS, but not OS, in samples assigned to IGS-18 (0.8 years in the RT-PCV arm v 0.4 years in the RT only arm; P ϭ .028; HR, 2.51; 95% CI, 1.10 to 5.69). A trend toward an increase in both OS and PFS was observed between the two treatment arms in samples assigned to IGS-17 (OS: 5.4 v 1.8 years in RT-PCV and RT only arms, respectively; P ϭ .096; HR, 2.21; 95% CI, 0.87 to 5.60; PFS: 2.2 v 1.0 years in RT-PCV and RT only arms, respectively; P ϭ .109; HR, 2.12; 95% CI, 0.85 to 5.30). No difference in PFS or OS was observed between the treatment arms in samples assigned to IGS-23. Interaction tests for the effects of treatment across intrinsic subtypes were not significant for both PFS and OS (Data Supplement).
DISCUSSION
In this study, we performed intrinsic subtyping within a prospective clinical trial, EORTC 26951. Our data demonstrate that all six IGSs are present in EORTC 26951, despite the fact that only AODs and AOAs (as diagnosed by the local pathologist) were included in this study. After central pathology review, each histologic diagnosis still contained various intrinsic subtypes. Similar to reports in archival samples, the intrinsic subtypes are an independent prognostic factor both for OS and PFS. Combining known molecular (1p/19q LOH and IDH1) prognostic parameters with intrinsic subtypes improves outcome prediction, although this difference is not significant (PEV of 30% v 23% for individual groups of factors).
Histologic classification of gliomas is troublesome and subject to interobserver variation. 29 In this study, we confirm that expression scoring (0, 1, or 2) . 20 All categories were used as variable in the analysis.
Abbreviations: HR, hazard ratio (compared to radiotherapy only arm); LOH, loss of heterozygosity. Genetic differences between intrinsic glioma subtypes (IGSs). Specific genetic changes segregate into distinct IGSs. 1p/19q loss of heterozygosity (LOH) was predominantly observed in tumors assigned to IGS-9 and, to a lesser extent, tumors assigned to IGS-17 but was not seen in tumors assigned to IGS-18 and IGS-23. IDH1 mutations (mut) were significantly more observed in samples assigned to IGS-9 and IGS-17 compared with IGS-18 and IGS-23. EGFR amplification (amp) was predominantly identified in IGS-18 and IGS-23 but rarely identified in samples assigned to IGS-9 and IGS-17. This segregation was highly similar to that reported by us previously using archival samples and demonstrates that each IGS has a different set of causal genetic changes. profiling, compared with the diagnoses made by the local pathologists, is a more accurate and objective method to classify gliomas. [6] [7] [8] [9] [10] [30] [31] [32] [33] [34] Also similar to reports on archival samples, specific genetic changes (IDH1, 1p/19q LOH, and EGFR amplification) segregate into different subtypes. Therefore, intrinsic subtypes are not only similar in their RNA expression profile, but are also similar on the DNA level in their genetic aberrations. Our data validate the prognostic significance of intrinsic subtypes, and therefore intrinsic subtyping can be used to determine the molecular heterogeneity of samples included in clinical trials.
As said, clinical trial samples are often of poor quality because most are FFPE samples.
11 However, recent technologic advances have indicated that expression profiling is feasible on FFPE material. 12, 13, 15 One of the limitations of the current study is that we were unable to determine the intrinsic subtype of all samples from EORTC 26951. Although most characteristics of samples included versus those not included are similar, this argues for a validation of our results in an independent cohort. 1p/19q and IDH are powerful low-cost tools for molecular classification. However, these single molecular markers provide limited information and may miss, for example, tumors with only partial 1p/19q deletions. 35 In addition, approximately 30% of tumors with 1p/19q LOH do not have an IDH1 mutation. Because of these limitations, we believe that single molecular marker analysis will be replaced by high-throughput assays. Here, we demonstrate that IGS classification improves outcome prediction and thus provides additional value for patients.
Long-term follow-up of this trial shows that adjuvant PCV improves OS in AOA and AOD. Here, we further demonstrate that not all patients benefit equally from this treatment. Samples assigned to IGS-9 (characterized by a high percentage of 1p/19q LOH and IDH1 mutations) significantly benefit from PCV chemotherapy, whereas samples assigned to IGS-23 do not show any improvement in outcome (neither PFS nor OS). This outcome for IGS-9 samples is remarkable because there was a large degree of crossover in the RT only arm at time of progression.
21
Tumors with 1p/19q LOH have been reported to show durable responses to chemotherapy. 18, 19, 36 Independently, both the EORTC 26951 trial and its North American counterpart Radiation Therapy Oncology Group (RTOG) 9402 have shown that the addition of PCV to RT improved OS in 1p/19q codeleted oligodendrogliomas. 37, 38 Our data validate these observations because IGS-9 contains gliomas with the highest percentage 1p/19q LOH. Moreover, the median survival time between the RT-PCV and RT only arm is highly comparable to the median survival observed in RTOG 9402 (14.7 years in the RT-PCV arm v 7.3 years in the RT only arm in the RTOG 9402 trial and 12.8 years in the RT-PCV arm v 5.5 years in the RT only arm for IGS-9 samples in the EORTC 26951 trial). It should be noted that not all tumors assigned to IGS-9 had 1p/19q LOH (19 of 46 tumors), and conversely, not all tumors with 1p/19q LOH were assigned to IGS-9 (29 of 36 tumors). Similarly, 18 of 55 tumors assigned to IGS-9 or IGS-17 did not have an IDH1 mutation, and seven of 44 tumors with an IDH1 mutation were not assigned to IGS-9 or IGS-17. Although we show that combining known molecular (1p/19q LOH and IDH1) prognostic parameters with intrinsic subtypes improves outcome prediction, which of these techniques can best predict response to PCV chemotherapy remains to be determined; numbers in the current study are too low for a formal comparison.
Identifying patients who do not benefit from PCV chemotherapy is of equal clinical relevance. In our study, samples assigned to IGS-18 or IGS-23 showed no benefit from PCV chemotherapy in OS (although an increase in PFS was observed for IGS-18). In RTOG 9402, OS was not improved by PCV chemotherapy in AODs and AOAs that retained either 1p and/or 19q. Combined, these data indicate that patients harboring an AOD or AOA that have retained 1p and/or 19q, assigned to IGS-18 or IGS-23, do not show a benefit in OS from PCV chemotherapy.
Samples assigned to IGS-17 showed a trend toward improved outcome from PCV chemotherapy, both in PFS and OS. IGS-17 contains predominantly tumors that have retained 1p/19q but have IDH1 mutations. A similar trend toward improved outcome was observed in the entire EORTC 26951 cohort tumors with retained 1p/19q and mutated IDH1. Nevertheless, our sample cohort is relatively modest in size (N ϭ 140), and our analysis is post hoc (retrospective testing), which is hypothesis generating. Therefore, our data should be validated in an additional independent cohort to firmly establish the predictive effect of these intrinsic molecular subtypes.
Interestingly, in a separate clinical trial (EORTC 22981/26981) on glioblastoma, patients with tumors assigned to IGS-18 also did not show a marked response to the addition of temozolomide to RT. 8, 39 In this study, too few samples were assigned to other subtypes to draw firm conclusions. It should be noted that there are some important differences between EORTC 26951 and EORTC 22981/26981. For example, EORTC 22981/26981 examined the efficacy of temozolomide chemotherapy in combination with RT as opposed to PCV. However, PCV and temozolomide are both alkylating agents with similar mechanism of action. Another important difference is the histologic subtype investigated; only glioblastomas were included in EORTC 22981/26981, whereas EORTC 26951 included AODs and AOAs. However, intrinsic subtypes have similar molecular and clinical characteristics and are independent of histologic diagnosis. Therefore, we hypothesize that samples assigned to a defined intrinsic subtype will show similar responses to similar chemotherapy regimens regardless of histologic diagnosis.
In summary, we demonstrate, on clinical trial samples and using FFPE material, that intrinsic molecular subtypes are highly prognostic for OS and PFS. Our data indicate that at least one intrinsic subtype of glioma responds favorably to PCV chemotherapy. Intrinsic subtypes are easily determined, and therefore, this approach provides a novel, straightforward, and promising way to improve outcome prediction when combined with other prognostic factors. 
AUTHORS' DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST
